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Abstract
The aim of the study was to elucidate the association between the zoonotic pathogen Salmonella and a population of land
iguana, Colonophus subcristatus, endemic to Gala´pagos Islands in Ecuador. We assessed the presence of Salmonella
subspecies and serovars and estimated the prevalence of the pathogen in that population. Additionally, we investigated the
genetic relatedness among isolates and serovars utilising pulsed field gel electrophoresis (PFGE) on XbaI-digested DNA and
determined the antimicrobial susceptibility to a panel of antimicrobials. The study was carried out by sampling cloacal
swabs from animals (n = 63) in their natural environment on in the island of Santa Cruz. A high prevalence (62/63, 98.4%)
was observed with heterogeneity of Salmonella subspecies and serovars, all known to be associated with reptiles and with
reptile-associated salomonellosis in humans. Serotyping revealed 14 different serovars among four Salmonella enterica
subspecies: S. enterica subsp. enterica (n = 48), S. enterica subsp. salamae (n = 2), S. enterica subsp. diarizonae (n = 1), and S.
enterica subsp. houtenae (n = 7). Four serovars were predominant: S. Poona (n = 18), S. Pomona (n = 10), S. Abaetetuba (n = 8),
and S.Newport (n = 5). The S. Poona isolates revealed nine unique XbaI PFGE patterns, with 15 isolates showing a similarity of
70%. Nine S. Pomona isolates had a similarity of 84%. One main cluster with seven (88%) indistinguishable isolates of S.
Abaetetuba was observed. All the Salmonella isolates were pan-susceptible to antimicrobials representative of the most
relevant therapeutic classes. The high prevalence and absence of clinical signs suggest a natural interaction of the different
Salmonella serovars with the host species. The interaction may have been established before any possible exposure of the
iguanas and the biocenosis to direct or indirect environmental factors influenced by the use of antimicrobials in agriculture,
in human medicine or in veterinary medicine.
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Introduction
Salmonella is known to be associated with free-living and captive
reptiles [1–4], and sometimes has been detected at high prevalence
rates, among species of the order Squamata [5], including Iguanidae
[6,7]. Although many Salmonella serovars are probably commensal
organisms in reptiles [8], they can be a cause of overt disease,
especially in captive reptiles with impaired immune system [9].
Human exposure to reptiles and Iguanidae is currently considered a
significant risk factor for Salmonella infections [10,11] and is
frequently reported causing clinical disease [7,12].
The aim of the study was to (1) elucidate the association of the
zoonotic pathogen Salmonella spp. in a population of the endemic
land iguana, Colonophus subcristatus from Gala´pagos Islands in
Ecuador. Additionally, (2) we assessed the presence of Salmonella
subspecies and serovars and estimated the prevalence of the
pathogen in that population of land iguanas. We also (3)
investigated the genetic relatedness among isolates and serovars
utilising pulsed field gel electrophoresis (PFGE) and (4) determined
the antimicrobial susceptibility to a panel of antimicrobials.
Materials and Methods
Collection of samples
Cloacal swabs of 63 land iguanas C. subcristatus were sampled in
December 2003 within their natural environment of the Santa Cruz
island, Gala´pagos in Ecuador. Santa Cruz (986 Km2) is the
economic and tourism hub of Gala´pagos, and the island which
houses the largest resident human population in the archipelago.
Land iguanas, once occurring at several sites, are now limited to the
north-western area of the island, partly accessible to tourists, with a
population now estimated at 450–500 animals. All samples were
collected and exported with the approval of the Gala´pagos National
Park and by the issue of CITES documentation (Galapagos National
Park Permit n. 050/03, Export CITES n. 79, Import CITES n. IT/
IM/2003/MCE/02328) granted to Gabriele Gentile [13].
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Isolation and identification
The isolation of Salmonella spp. was conducted according to a
modified protocol of the ISO standard 6579:2002 [14] using
MacConkey agar as the second option of a selective agar and
Salmonella-Shigella agar (Oxoid Ltd, Basingstoke, UK) replacing
Xylose Lysine Deoxycholate (XLD) agar, both incubated at 37uC
for 18–24 hours. The presumptive positive Salmonella isolates were
subjected to biochemical analysis using the API 20E identification
system (bioMe´rieux, Craponne, France).
Serotyping
All 63 isolates were initially serotyped at the National Institute
of Health, Bangkok, Thailand using slide agglutination with
hyperimmune antisera (S & A reagents lab, Ltd, Bangkok,
Thailand) characterizing the O and H antigens. The serotype of
eight of the isolates; #7b, #28, #54, #56, #59, #60, #62, and
#63 were re-confirmed at the DTU-Food, Copenhagen, Den-
mark using antisera (Staten Serum Institute, Copenhagen, Den-
mark). The serotypes were assigned according to the Kauffmann-
White scheme [15].
Antimicrobial susceptibility testing
Broth micro-dilution susceptibility testing was performed on all
Salmonella isolates in 96-well microtitre plates (Trek Diagnostic
Systems, Westlake, OH, USA) and interpreted according to the
European Committee on Antibiotic Susceptibility Testing (EU-
CAST) epidemiological cut-offs (www.eucast.org). The following
drugs, representative of the most relevant antimicrobial classes
active against Enterobacteriaceae, were tested: ampicillin, cefotaxime,
ceftazidime, ciprofloxacin, chloramphenicol, colistin, florfenicol,
gentamicin, kanamycin, nalidixic acid, streptomycin, sulphon-
amides, tetracycline, and trimethoprim.
Pulsed field gel electrophoresis (PFGE)
All of the isolates were analyzed for genetic relatedness by
PFGE using XbaI and according to the United States CDC
PulseNet protocol [16]. Electrophoresis was performed with a
CHEF-DR III System (Bio-Rad Laboratories, Hercules, Califor-
nia) using 1% SeaKem Gold agarose in 0.56Tris-borate-EDTA
at 6 V with an angle of 120u. Running conditions consisted of one
phase from 2.2 to 63.8 s at a run time of 20 h.
Results
Prevalence
Sixty-two out of 63 individual samples were positive for
Salmonella spp., with an overall prevalence of 98.4% (95%
Confidence Interval 92.8–99.9%).
Serotyping
A total of 63 Salmonella isolates were obtained from the 62
Salmonella positive animals, since one individual sample yielded
isolates belonging to two different serovars. Serotyping revealed 14
different serovars among four Salmonella enterica subspecies; S.
enterica subsp. enterica (n = 48, 76%), S. enterica subsp. salamae (n = 2,
3%), S. enterica subsp. diarizonae (n = 1, 2%), and S. enterica subsp.
houtenae (n = 7, 11%). Additionally, six (10%) of the isolates were
untypable of which five (8%) indicated as ‘‘rough’’; auto
agglutinating with saline and one (2%); #59 indicated as
‘‘damaged’’ (Figure 1). Four serovars dominated with more than
two isolates per serovar; Salmonella Poona (n = 18, 29%), Salmonella
Pomona (n = 10, 16%), Salmonella Abaetetuba (n = 8, 13%), and
Salmonella Newport (n = 5, 8%).
Antimicrobial susceptibility
All of the 63 Salmonella isolates included the study were
susceptible to all the antimicrobials tested, thus demonstrating a
wild-type phenotype towards the major classes of antimicrobials
used in human and in animal therapy.
PFGE typing
The 18 S. Poona isolates revealed nine unique PFGE patterns of
XbaI-digested genomic DNA, of which three clusters with $2
indistinguishable isolates (Figure 1). One of the clusters contained
eight identical isolates and 15 (83%) of the isolates had a similarity
of 70%. Interestingly, three isolates (17%) (#39, #40, and #57) of
the 18 S. Poona isolates were distanced apart from the main group
of S. Poona isolates. Nine (90%) out of ten S. Pomona isolates had
a similarity of 84% with two clusters of $2 identical isolates. One
S. Pomona isolate was located apart from the main group of S.
Pomona isolates. One cluster containing seven (88%) indistin-
guishable isolates out of the eight S. Abaetetuba was observed. The
seven S. Abaetetuba (I 11:k:1,5) isolates had a similarity of 94%
but also grouped with one S. enterica subsp. diarizonae 61:k:1,5
isolate. One cluster of an identical pattern contained two different
serovars; S. Sandiego (I 4,[5],12:e,h:e,n,z15) and S. enterica subsp.
enterica 4,12:e,h:-. Equally, four S. enterica subsp. houtenae 44:z4,z23:-
had a similarity of 96% with one S. enterica subsp. houtenae
44:z4,z24:-. One group of isolates had a similarity of 94%
containing four different serovars; S. Bardo (I 8:e,h:1,2), S.
Newport (I 6,8,20:e,h:1,2) and S. enterica subsp. enterica 43:e,h:1,2.
Additionally, clusters of the following serovars; S. enterica subsp.
houtenae 44:z4,z23:- (n = 4), S. Newport (n = 2), S. Manhattan
(n = 2), and S. enterica subsp. salamae 47:b:1,5 (n = 2), were observed
containing $2 indistinguishable isolates. (Figure 1).
Discussion
The Salmonella isolates detected in what is considered a natural
land iguana population revealed a wide spectrum of subspecies
and serovars. These serovars may be considered as part of their
normal bacterial intestinal flora, as none of the animals showed
any apparent sign of intestinal or systemic disease. Although the
land iguana population on Santa Cruz island does not reach the
densities occurring on other islands such as Santa Fe´ and Plaza
Sur, almost all animals harboured Salmonella, at a prevalence even
higher than reported in land iguanas sampled on these other two
minor islands of the Gala´pagos island chain, in a recent small-scale
study [17]. Indeed, most of the animals were colonised by isolates
that belong to S. enterica subsp. enterica, with S. Poona, S. Pomona,
and S. Abaetetuba among the most prevalent ones. These
serovars, along with S. Sandiego and S. Manhattan have recently
been reported from Gala´pagos land iguanas sampled on the
islands of Santa Fe´ and Plaza Sur [17]. S. Poona and S. Pomona
have been reported from other poikilotherm species such as
chelonians, iguanas, and lizards; all belonging to the Order
Squamata [7,18,19]. S. Newport is also known to be associated
with wild reptiles and amphibians from North America [2], and
was detected even in reptiles within supposedly pristine environ-
ments; such as wild water chelonians from Texas, the United
States [20]. Since all of these serovars have also been associated
with human salmonellosis [7,21–23], caution should be taken
when capturing and handling such animals for scientific purposes.
Moreover, S. Poona, S. Pomona, and S. Newport are also known
to be associated with other species of homeotherm domestic and
wild mammals [24–26]. S. Abaetetuba, among the most prevalent
serovars in the population of land iguanas studied, has recently
been described in environmental waters and in the faeces of
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migrating cranes (Grus spp.) sampled in Japan [27]. The high
probability that land iguanas carry multi-host pathogenic
Salmonella serovars may also have further implications when
planning translocation of such wild animals in new environments.
The heterogeneity of Salmonella subspecies and serovars in land
iguanas from Santa Cruz, may also be related to the past history of
its population. Indeed, in the middle 1970s feral dogs almost
exterminated land iguanas from Santa Cruz [28]. Remnant
individuals were translocated into the corrals of the Gala´pagos
National Park, for the purpose of a captive-breeding program,
which was conducted in proximity with premises of other reptiles
(giant tortoises). Subsequently, after removing feral dogs, founder
individuals and their offspring were repatriated in the original
area.
In this study, we also reported the isolation of other subspecies
known to be reptile-associated, and with zoonotic potential such as
S. enterica subsp. diarizonae and S. enterica subsp. houtenae [29–
32]. Indeed, only few reports of clinical disease caused by these
subspecies are described, thus suggesting very low incidence in the
community, and often affecting patients with concurrent diseases
or impairment of the immune system.
The dendrogram combining the PFGE patterns with the
serotype reveal some interesting constatations (Figure 1). Out of
the five untypable ‘‘rough’’ isolates, three clustered with a high
similarity to fully serotyped isolates. This would indicate that these
might be of the same serotype as the ones with which they cluster
but simply autoagglutinated when attempting the conventional
serotyping.
We also observed one case where an isolate expressing only one
flagellar phase. This isolate was designated as a monophasic
variant and most likely of the serovar S. Sandiego, as the
monophasic isolates share an indistinguishable pattern with a S.
Sandiego strain. The dendrogram revealed a high PFGE similarity
between S. Newport (I 6,8:e,h:1,2) and S. Bardo (I 8:e,h:1,2). This
phenomenon have been assigned as a colonial form variation (the
variable expression of minor antigens by different single-colony
picks from the same strain) which may occur with the expression of
the O:6 antigen by some serogroup C2 serovars [33]. In a recent
proficiency test conducted by the World Health Organisation, the
organizers allowed for colonial form variations why they did not
distinguish between S. Newport and S. Bardo [34].
In addition, the dendrogram also showed a high PFGE
similarity between isolates expressing the same flagellin phases
but different somatic phases as between the isolate displaying a
damaged somatic phase; I -:e,h:1,2 and S. Newport/S. Bardo. This
observation is interesting as science today is moving towards more
DNA/sequenced based technologies. In the future, using only
DNA/sequenced based methodologies might show as in this case
that some isolates of different serovars (according to Kaufmann-
White scheme) are more related compared to other isolates of the
same serovar.
It was not surprising that all isolates were susceptible to all of the
tested classes of antimicrobials. Indeed, the absence of antibiotic
selection pressure in this study’s environment and among this wild
reptile population is likely to have resulted in Salmonella isolates
with a wild-type phenotype of susceptibility to antimicrobial drugs.
Similar results have been found by Thaller and collaborators [35]
for Enterobacteriaceae from C. pallidus, in Santa Fe´ island, where the
combination of environment conditions and limited human
impact led the authors to conclude that, in the absence of chronic
antibiotic exposure, the diffusion of acquired antibiotic resistance
in wildlife is unlikely. Our results would confirm such a conclusion,
especially if considering that in the case of Santa Cruz island
human-driven contamination and usage of antimicrobials in
humans and domestic animals occur, and might be not as limited
as in the previous study. The host interaction with wild-type, pan-
susceptible Salmonella bacteria may have been established before
any possible exposure of the iguanas and the Gala´pagos biocenosis
to environmental factors influenced by the use of antimicrobials in
agriculture, in human medicine or in veterinary medicine,
including possible use in domestic animals living on the island.
In conclusion, this study revealed a high prevalence of
Salmonella of wild-type, pan-susceptible phenotype, and a wide
heterogeneity of subspecies and serovars in land iguanas living on
Santa Cruz island. The high prevalence and absence of clinical
signs in the sampled animals are suggestive of a natural interaction
between Salmonella different subspecies and serovars and the host
species, so that the bacterium may be considered among the
microbiota of the land iguana. The heterogeneity observed in
Salmonella may be the result of a pattern of host-bacteria
interactions occurring among land iguanas and the biocenosis on
Santa Cruz which may be more complex than that occurring on
minor islands of the Gala´pagos island chain. In this respect,
within-island exposure dynamics and factors like island size and
ecosystem, behaviour, habitat use, human activities and habitat
modification may play an important role, still to be investigated.
Acknowledgments
We are grateful to Ms. Cinzia Onorati, Ms. Carmela Buccella, Ms.
Roberta Amoruso, Ms. Tamara Cerci (IZSLT), and Mrs. Christina Aaby
Svendsen (DTU-Food) for outstanding technical assistance. Additionally,
we would like to thank Dr. Karl Pedersen, Mrs. Gitte Sørensen and the
zoonosis laboratorium (DTU-Food) for re-testing some of the isolates. We
thank the Gala´pagos National Park for its support.
Author Contributions
Conceived and designed the experiments: AB GDO GG AF RSH FMA.
Performed the experiments: AF RSH SL RO. Analyzed the data: AF AB
RSH. Contributed reagents/materials/analysis tools: AF AB RSH FMA.
Wrote the paper: AF AB RSH. Organized the field trip and provided
biological samples: GG. Performed susceptibility testing and carried out the
molecular characterization of isolates: AF RSH. Contributed critical
discussion during data analysis: RSH FMA GG. Contributed discussion
during preparation of the paper: RSH FMA GDO GG. Supervised
additional laboratory work: AF RSH.
References
1. Mermin J, Hutwagner L, Vugia D, Shallow S, Daily P, et al. (2004) Reptiles,
amphibians, and human Salmonella infection: a population-based, case-control
study. Clin Infect Dis 38 Suppl 3: S253–S261.
2. Chambers DL, Hulse AC (2006) Salmonella Serovars in the Herpetofauna of
Indiana County, Pennsylvania. Appl Environ Microbiol 72: 3771–3773.
3. Hidalgo-Vila J, Dı´az-Paniagua C, de Frutos-Escobar C, Jime´nez-Martı´nez C,
Pe´rez-Santigosa N (2007) Salmonella in free living terrestrial and aquatic turtles.
Vet Microbiol 31: 311–315.
4. Pedersen K, Lassen-Nielsen AM, Nordentoft S, Hammer AS (2009) Serovars of
Salmonella from captive reptiles. Zoonoses Public Health 56: 238–242.
Figure 1. Dendrographic analysis of PFGE (XbaI-digested DNA) of Salmonella spp. from land iguanas (C. subcristatus) sampled in
December 2003 from the island of Santa Cruz, Gala´pagos, Ecuador. *: Somatic phase damaged.
doi:10.1371/journal.pone.0023147.g001
Salmonella in Land Iguanas, Gala´pagos Islands
PLoS ONE | www.plosone.org 4 August 2011 | Volume 6 | Issue 8 | e23147
5. Maciel BM, Argoˆlo Filho RC, Nogueira SS, Dias JC, Rezende RP (2010) High
prevalence of Salmonella in Tegu Lizards (Tupinambis merianae), and
susceptibility of the serotypes to antibiotics. Zoonoses Public Health 57(7–8):
e26–32.
6. Burnham BR, Atchley DH, DeFusco RP, Ferris KE, Zicarelli JC, et al. (1998)
Prevalence of fecal shedding of Salmonella organisms among captive green
iguanas and potential public health implications. J Am Vet Med Assoc 213:
48–50.
7. Woodward DL, Khakhria R, Johnson WM (1997) Human salmonellosis
associated with exotic pets. J Clin Microbiol 35: 2786–2790.
8. Chiodini RJ, Sundberg JP (1981) Salmonellosis in reptiles: a review.
Am J Epidemiol 113: 494–499.
9. Hidalgo-Vila J, Dı´az-Paniagua C, Ruiz X, Portheault A, El Mouden H, et al.
(2008) Salmonella species in free-living spur-thighed tortoises (Testudo graeca) in
central western Morocco. Vet Rec 162: 218–219.
10. Aiken AM, Lane C, Adak GK (2010) Risk of Salmonella infection with exposure
to reptiles in England, 2004–2007. Euro Surveill 2010;15:pii = 19581. Available
online: http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId = 19581.
11. Milstone AM, Agwu AG, Angulo FJ (2006) Alerting pregnant women to the risk
of reptile-associated salmonellosis. Obstet Gynecol 107(2 Pt 2): 516–518.
12. Warwick C, Lambiris AJL, Westwood D, Steedman C (2001) Reptile-related
salmonellosis. Journal of the Royal Society of Medicine 94: 124–126.
13. Costantini D, Dell’Omo G, Casagrande S, Anna Fabiani A, Carosi M, et al.
(2005) Inter-population variation of carotenoids in Gala´pagos land iguanas
(Conolophus subcristatus). Comparative Biochemistry and Physiology Part B:
Biochemistry and Molecular Biology 2: 239–244.
14. Anonymous (2002) Microbiology of food and animal feeding stuff – horizontal
method for the detection of Salmonella spp. Geneva, Switzerland: The
International Organization for Standardization (ISO) 6579:2002 4th Ed.
15. Grimont PAD, Weill FX (2007) Antigenic formulae of the Salmonella serovars,
9th edition. WHO Collaborating Centre for Reference and Research on
Salmonella, Institut Pasteur, Paris, France.
16. Ribot EM, Fair MA, Gautom R, Cameron DN, Hunter SB, et al. (2006)
Standardization of pulsed-field gel electrophoresis protocols for the subtyping of
Escherichia coli O157:H7, Salmonella, and Shigella for PulseNet. Foodborne Pathog
Dis 3: 59–67.
17. Wheeler E, Cann IKO, Mackie RI (2011) Genomic fingerprinting and
serotyping of Salmonella from Gala´pagos iguanas demonstrates island
differences in strain diversity. Environmental Microbiology Reports 3: 166–173.
18. Tauxe RV, Rigau-Pe´rez JG, Wells JG, Blake PA (1985) Turtle-associated
salmonellosis in Puerto Rico. Hazards of the global turtle trade. JAMA 12:
237–239.
19. Kodjo A, Villard L, Prave M, Ray S, Grezel D, et al. (1997) Isolation and
identification of Salmonella species from chelonians using combined selective
media, serotyping and ribotyping. Zentralbl Veterinarmed B 44: 625–629.
20. Gaertner JP, Hahn D, Rose FL, Forstner MR (2008) Detection of salmonellae in
different turtle species within a headwater spring ecosystem. J Wildl Dis 44:
519–526.
21. Bo¨hme H, Fruth A, Rebmann F, Sontheimer D, Rabsch W (2009) Reptile-
associated salmonellosis in a breastfed infant. Klin Padiatr 221: 74–75.
22. Sivapalasingam S, Barrett E, Kimura A, Van Duyne S, De Witt W, et al. (2003)
A multistate outbreak of Salmonella enterica serotype Newport infection linked to
mango consumption: impact of water-dip disinfestation technology. Clin Infect
Dis 15: 1585–1590.
23. Pihier N, Couturier E (2005) Outbreak of Salmonella enterica serotype Manhattan
infection associated with meat products, France, 2005. Euro Surveill 11: 270–3.
24. Molla W, Molla B, Alemayehu D, Muckle A, Cole L, et al. (2006) Occurrence
and antimicrobial resistance of Salmonella serovars in apparently healthy
slaughtered sheep and goats of central Ethiopia. Trop Anim Health Prod 38:
455–462.
25. Oboegbulem SI, Okoronkwo I (1990) Salmonellae in the African great cane rat
(Thryonomys swinderianus). J Wildl Dis 26: 119–121.
26. Cummings KJ, Warnick LD, Alexander KA, Cripps CJ, Gro¨hn YT, et al. (2009)
The incidence of salmonellosis among dairy herds in the northeastern United
States. J Dairy Sci 92: 3766–74.
27. Kitadai N, Ninomiya N, Murase T, Obi T, Takase K (2010) Salmonella isolated
from the feces of migrating cranes at the Izumi Plain (2002–2008): serotype,
antibiotic sensitivity and PFGE type. J Vet Med Sci 7: 939–942.
28. Fabiani A, Rosa S, Marquez C, Trucchi E, Snell HL, et al. Conservation of
Gala´pagos land iguanas: genetic monitoring and predictions of a long-term
program on Isla Santa Cruz. Animal Conservation. DOI: 10.1111/j.1469-
1795.2011.00442.x.
29. Tabarani CM, Bennett NJ, Kiska DL, Riddell SW, Botash AS, et al. (2010)
Empyema of preexisting subdural hemorrhage caused by a rare Salmonella species
after exposure to bearded dragons in a foster home. J Pediatr 156: 22–23.
30. Hoag JB, Sessler CN (2005) A comprehensive review of disseminated Salmonella
Arizona infection with an illustrative case presentation. South Med J 98:
1123–1129.
31. Schro¨ter M, Roggentin P, Hofmann J, Speicher A, Laufs R, et al. (2004) Pet
snakes as a reservoir for Salmonella enterica subsp. diarizonae (Serogroup IIIb): a
prospective study. Appl Environ Microbiol 70: 613–615.
32. Lourenc¸o MC, dos Reis EF, Valls R, Asensi MD, Hofer E (2004) Salmonella
enterica subsp houtenae serogroup O:16 in a HIV positive patient: case report.
Rev Inst Med Trop Sao Paulo 46: 169–170.
33. Popoff MY (2001) Guidelines for the preparation of Salmonella antisera,6th ed.
WHO Collaborating Centre for Reference and Research on Salmonella. Institut
Pasteur, Paris, France.
34. Hendriksen RS, Seyfarth AM, Jensen AB, Whichard J, Karlsmose S, et al. (2009)
Results of use of WHO Global Salm-Surv external quality assurance system for
antimicrobial susceptibility testing of Salmonella isolates from 2000 to 2007. J Clin
Microbiol 47: 79–85.
35. Thaller MC, Migliore L, Marquez C, Tapia W, Cedeno V, et al. (2010)
Tracking acquired antibiotic resistance in bacteria of Gala´pagos land iguanas:
No man, no resistance. PLoS ONE 5(2): e8989.
Salmonella in Land Iguanas, Gala´pagos Islands
PLoS ONE | www.plosone.org 5 August 2011 | Volume 6 | Issue 8 | e23147
